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A common failure mechanism of organic solar cells is the development of an s-shaped current
voltage curve. Herein, we investigated the origin of this degradation mechanism by replacing
the  commonly  used  hole  selective  layer  poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate)  (PEDOT:PSS)  with  a  co-evaporated  layer  of  N,N'-bis(3-
methylphenyl)-N,N'-bis(phenyl)-benzidine  (TPD)  and  Dipyrazino[2,3-f:2',3'-h]quinoxaline-
2,3,6,7,10,11-hexacarbonitrile (HATCN). By varying the ratio of TPD to HATCN we are able
to tune both the mobility and work function of the hole selective layer. Using a combination
of  field  effect  mobility  measurements,  Kelvin-Probe  work  function  measurements,  and
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numerical modeling we demonstrate that a degraded mobility of the hole selective layer leads
to a buildup of charge within the device and reduction of fill factor.
1. Introduction
Over the last  12 years intense research has increased the efficiency of organic solar cells
(OSC) from 2 % in 2002  [1],[2],[3],[4] to over 12 % [5],[6] today. For OSCs to become a
commercial reality, cost per Watt of energy produced must be reduced [7], device area must
increase from lab scales (< 1 cm2) to industrial scales (> 30 cm2) [8] and low throughput spin
coating fabrication techniques must be replaced with high throughput (> 40 m/min) roll-to-
roll production methods such as gravure printing  [9]. Another important aspect which has
received  less  attention  to  date  is  long term device  stability  and the  physical  mechanisms
responsible  for  the  reduction  of  device  performance  over  time.   A  common  degradation
mechanism in organic solar  cells  is  the development  of  an s-shaped current  voltage  (JV)
curve. In this failure mechanism the maximum power point in the 4th quadrant of the JV-curve
moves towards the origin over time. This leads to a reduction of the fill factor (FF), often to
below 25 %. Various mechanisms for the development of an s-shaped JV-curve have been
proposed in literature. 
Wagenpfahl et al. found that a reduced surface recombination velocity at the hole selective
layer (HSL)/active layer interface hinders efficient hole extraction  [10]. Accumulated holes
then produce unfavorable band bending which hinders carrier  extraction and lead to an s-
shape. While Castro et al. investigated interpenetrating bilayer OSCs [11], they suggested that
isolated aluminum nanoclusters are formed in the active layer close to the aluminum/active
layer interface upon evaporation.  These nanoclusters then act as trap states modifying the
electric potential within the device. Wagner et al. showed that trap states in the active layer
cannot only be induced by top electrode diffusion but also caused by impurities in the active
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material itself and confirmed that injection barriers may cause s-shapes in the case of planar
heterojunctions [12]. Further, Tress et al. suggested that in bilayer devices, when the electron
and hole mobility differ by more than two orders of magnitude,  s-shapes will be observed
[13]. Finally,  they found that  in the case of both,  bilayer  and blend structures,  extraction
barriers, i.e. a mismatch of the HOMOs of donor and HSL can be responsible for the s-shape
[14]. 
Figure  1 -  a)  Layer sequence of  the investigated OSCs.  b)  Energy levels  of  ITO and Ag were obtained by KP-
measurements,  the  other  values  are  from  literature  [15],[16],[17],[18],[19].  Vertical  dashed  lines  indicate
discontinuities.
In this work, we investigate the physical relationship between degradation of the electrical
properties  of the hole selective layer  and the development  of an s-shaped JV-curve in an
inverted organic solar cell. Reasons for degradation can be, amongst others, ingress of oxygen
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or  water  [20],[21].  To  understand  how  this  degradation  process  influences  device
performance,  we  replace  the  commonly  used  poly(3,4-ethylenedioxythiophene)
poly(styrenesulfonate) (PEDOT:PSS) HSL, with a model material system comprising of co-
evaperated N,N'-bis(3-methylphenyl)-N,N'-bis(phenyl)-benzidine (TPD) and Dipyrazino[2,3-
f:2',3'-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile (HATCN). By tuning the ratio of TPD to
HATCN we are able to control both mobility and work function of the HSL. Compared to the
work by Tress et al. mentioned above [13], we show that s-shapes due to improper mobility
also happen in bulk heterojunction devices. Moreover, by changing the TPD:HATCN ratio we
are able to vary the mobility quasi continuously which was not possible in the work by Tress
et al.. For the bulk heterojunction we use the standard poly(3-hexylthiophene-2,5-diyl):[6,6]-
phenyl  C61 butyric  acid  methyl  ester  (P3HT:PCBM) materials.  A diagram of the inverted
device structure and the band structure can be seen in Figure 1.
2.  Experimental
Inverted  OSCs  were  prepared  on  flexible  PET  substrates  with  ITO  as  the  transparent
electrode. First an 80 nm thick layer of ZnO nanoparticles was deposited from solution onto
the ITO in air with doctor blading  [22]. The ZnO layer was then annealed at 140 °C for 5
minutes in ambient air. Subsequently, 300 nm of P3HT mixed with [6,6]-phenyl C61 butyric
acid methyl ester (PCBM) in the ratio 1:0.8 by weight were doctor bladed onto the ZnO layer.
The cells  were transferred into a nitrogen filled glove box and annealed at  140 °C for 5
minutes, to remove any free oxygen trapped in the material.  The HSL was then deposited by
evaporation (14 nm) at 1x10-6 mbar. The following HSLs were used: pure TPD, a mixture of
TPD:HATCN, and pure HATCN.  The ratio of HATCN was varied between 1 and 10 %
relative to the TPD amount with an estimated absolute error of about 0.5%. The cells were
finished with a 150 nm thick layer of evaporated silver as top electrode.
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Reference  cells  were  also  fabricated  by  doctor  blading  the  more  standard   Poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, Clevios PH) as the HSL. JV-
curves  were  measured  under  simulated  AM1.5G  illumination  with  an  intensity  of  100
mW/cm². For mobility measurements organic field effect transistors (OFETs) were prepared
using a p-doped silicon wafer covered with a 230 nm thick SiO2 layer and interdigitated gold
finger electrodes with different channel lengths of 5, 10, 15 and 20 µm. All devices fabricated
had a channel width of 1.2 cm and an active layer thickness of 14 nm. Work functions were
determined by Kelvin-Probe (KP) measurements using ITO covered PET as substrate and
highly oriented graphite with a work function of 4.65 eV as reference. The OFETs as well as
the  devices  for  KP-measurements  were  evaporated  simultaneously  with  the  OSCs.  After
preparation  the  samples  were  not  removed  from  the  glove  box  until  all  electrical
measurements were completed.
3. Results and discussion
JV-curves of solar cells with hole selective layers comprising of pure TPD and mixtures of
TPD:HATCN under AM 1.5G illumination are shown in  Figure 2a. It can be seen that for
pure TPD (black squares) the s-shape is most pronounced, with increasing HATCN content
the s-shape reduces then vanishes (blue triangles). It can also be seen that the open circuit
voltage (Voc) and FF are a function of the TPD:HATCN ratio. Plotted in Figure 2b are the JV-
curves of pure pristine TPD (black squares) and aged TPD (black open squares). Upon aging
of the TPD layer the s-shape reduces. Also plotted in  Figure 2b are the JV-curves for pure
HATCN (turquoise diamonds), and for a device with the more commonly used PEDOT:PSS
(grey dots) HSL. Interestingly, both pure HATCN and PEDOT:PSS have identical JV-curves,
suggesting carrier extraction is equally efficient for both materials. 
HATCN was used in combination with C60 electron selective layers before by Falkenberg et
al. [17]. The reason why HATCN works as HSL can be explained as follows. The transistor
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measurements show that electrons in the HATCN LUMO are present (Figure S1) which is
crucial for hole extraction when pure HATCN is applied as HSL in solar cells. Electrons from
the Ag electrode are transferred to the HATCN LUMO and recombine with holes coming
from the P3HT layer. This is essentially equivalent to holes being extracted and similar to the
working mechanism of MoO3 whose conduction and valence band are in a similar range as
the LUMO and HOMO of HATCN [23]. Consequently, in the case of hole injection under
forward bias electrons are extracted from the P3HT HOMO via the HATCN LUMO. Thus,
the  electron  mobility  of  HATCN  has  to  be  regarded  as  relevant  mobility  of  the  “hole
selective” layer, if pure HATCN is used.
Figure 2 a) JV-curves of samples with pristine pure TPD and TPD:HATCN (1.8, 3.0 and 9.5 %). It can be seen that as
HATCN concentration increases the s-shape in the JV-curve reduces. b) The JV-curves for a pure pristine and aged
TPD device. Also plotted in the same graph for comparison is a PEDOT:PSS device and a pure HATCN device.
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To better understand the reason why increasing the ratio of HATCN in the HSL reduces the s-
shape,  we investigated the work functions and electrical  transport  properties for all  HSLs
used.  Figure  3 summarizes  the  work  functions  of  the  different  HSLs  obtained  by  KP-
measurements.  As the ratio of HATCN to TPD is increased we observe an increase in work
function which could be interpreted as p-doping. It is possible that a change in the distribution
of  charge  throughout  the  device,  could  lead  to  a  change  in  the  built-in  voltage  and
conductivity, which could also alter the JV-curve. The mobility measurements of the different
HSL layers in  Figure 4 show that with increasing HATCN ratio in TPD also the mobility
starts  to  increase. For  a  device  with  1.8  % HATCN a  mobility  of  4.1x10-7  cm²/Vs  was
measured. As the HATCN concentration is further increased to 3 % and 9.5 %, the mobility
increases  to  4.4x10-6 cm²/Vs  and 1x10-5 cm²/Vs,  respectively.  The mobility  of  pure  TPD
directly after deposition is too small for measurement with the OFET method, we were only
able to measure down to about 2x10-7cm²/Vs [24]. However, the possibility of p-doping and
the increased mobility does not exclude energetic barriers as reason for the s-shape [12], [14].
In the case of pure TPD as HSL the low glass transition temperature of TPD helps to clarify
the  reason.  Upon  storage  of  the  pure  TPD  film  in  a  nitrogen  filled  glove  box  at  room
temperature for 500 h a visual change from a transparent to a matte appearance was observed.
When the mobility of the device was re-measured a value of 2.8x10-5 cm²/Vs was obtained. In
contrast, for films containing HATCN no visible change took place, neither was a change of
mobility measured. This can be explained by TPD having a low glass transition temperature
of around 60 °C [25]. Upon aging of the pure TPD film, it changes from an amorphous to a
more ordered crystalline film. In case of the TPD:HATCN mixtures a higher thermal stability
of TPD in combination with HATCN hinders crystallization of TPD and thus a major change
in occurrence and mobility with time [26].
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Figure  3 - Work function of pure TPD, TPD:HATCN (1.8, 3.0 and 9.5 %) and pure HATCN on ITO substrates.
Black: pristine samples; Open: after 500 h in a nitrogen filled glove box at room temperature.
In contrast, the work function of the pure TPD layer does not change due to crystallization as
mobility does. Thus, in the present case we can confirm that the reduction in HSL mobility is
the primary cause of the s-shaped JV-curve of the cell with pure TPD by examining Figure
2b, where the JV-curves for a pure pristine and pure aged TPD layer are plotted. As described
above when pure TPD is aged (stored in a nitrogen filled glove box), the work function does
not change, but the mobility dramatically increases. Upon aging we also see the removal of
the s-shape form the JV-curve (Figure 2b).  This  suggests that  it  is  the mobility  which is
causing the s-shaped JV-curve in the case of pure TPD as HSL.
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Figure 4 - Mobility of pure TPD, TPD:HATCN (1.8, 3.0 and 9.5 %) and pure HATCN. Black: pristine samples; Open:
after  500  h  in  a  nitrogen filled  glove  box  at  room temperature.  The  values  are  average  values  of  the  mobility
calculated from the output and transfer characteristic of OFETs. The mobility of pure TPD directly after deposition is
too small for measurement with the OFET method, we were only able to measure down to about 2x10-7cm²/Vs, thus
we only give the value after 500 h storage.
4. Simulation
In order to better understand why an HSL with a decreased mobility will lead to s-shaped JV-
curves, we use a steady state Shockley-Read-Hall based drift diffusion model to reproduce the
experimental data. The model uses an effective medium approximation [27] whereby only the
LUMO of the PCBM and the HOMO of the P3HT are considered in electrical transport.  To
describe the potential distribution within the device we solve Poisson’s equation,
d
dx
ε0 ε r
dϕ
dx
=q(n−p) (1) 
between the ZnO contact, and the Ag top contact, where φ  is the electrostatic potential, q is
the charge of an electron,  n and  p are the density of electrons and holes respectively.  To
describe the transport of electrons and holes within the device we solve the bi-polar drift
diffusion equations,
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Jn=q μe n f
∂ ELUMO
∂ x
+q Dn
∂ nf
∂ x
, (2) 
J p=q μh p f
∂ EHOMO
∂ x
+q Dp
∂ pf
∂ x
, (3) 
where  Jn/p are the electron/hole current fluxes,  µe/h are the mobilities, and ELUMO/HOMO are the
energy  levels  of  the  mobility  edges.  To  describe  carrier  trapping  and  recombination  the
Shockley-Read-Hall recombination model, an exponential distribution of carrier trap states is
used.  The optical field profile is calculated within the device using a transfer matrix method.
The device model has previously been described in more detail elsewhere [28],[29],[30].
Model parameters close to those previously published for the P3HT:PCBM material system
were chosen as the starting point for the simulations, these parameters were adjusted until the
simulated  JV-curve  matched  that  of  the  device  with  the  highest  HATCN  concentration
(9.5%).  Furthermore, in order to simplify the interpretation of the results, symmetric material
parameters were chosen (electron values = hole values).
Table I – Mobility as measured and as used for the HSL in the simulated JV-curves shown in Figure 5 [31].
Sample
µ [cm²/Vs]
(measurement)
µ [cm²/Vs]
(simulation)
pure TPD      1.0x10-7 [32] 1x10-7
1.8 % HATCN      4.1x10-7 4x10-7
3.0 % HATCN      4.4x10-6 1x10-6
9.5 % HATCN      1.0x10-5 1x10-5
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The first 14 nm of the device next to the hole extracting contact were assigned as the HSL.
This  layer  initially  contained  the  same  device  parameters  as  were  used  within  the
P3HT:PCBM layer.  The hole mobility within this layer was varied to see if s-shaped JV-
curves could be generated [31]. The blue line with triangles in Figure 5 shows the simulated
JV-curve for a device with a HSL of mobility of 1x10-5 cm2/Vs corresponding to a 9.5%
HATCN content, plotted against the experimental curve obtained with 9.5% HATCN (grey
dots).  Also  plotted  in  the  same  figure  are  three  curves  with  reduced  HSL  mobility
corresponding to the measured mobility for HATCN concentrations of 0.0%, 1.8% and 3.0%.
It can be seen that as the HSL mobility reduces, the JV-curve starts to form an s-shape and the
FF reduces. For very low mobilities Voc also starts to reduce a little, however, the major drop
in Voc observed experimentally is most likely caused by a change of the work function with
different HATCN content, as can be concluded at least qualitatively from Figure 3. For the
sake of simplicity this additional parameter has not been included in the simulation.
Figure 5 - Simulated JV-curves. Pure TPD has the lowest and 9.5 % the highest mobility (see Table I).
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Figure 6 plots the average carrier density within the device as a function of hole selective
layer mobility.  It can be seen that as HSL mobility is increased from 1x10 -7 to 1x10-5 cm2/Vs
the density of carriers within the device reduces by around 40%. This is because an HSL with
a  low  mobility  prevents  holes  from  leaving  the  device  resulting  in  a  buildup  of  photo
generated carriers. By increasing the mobility of the HSL, we enable photo generated carriers
to leave the device easily. Also plotted on the same graph is carrier life time as a function of
HSL mobility. It can be seen that as HSL mobility increases, carrier lifetime also increases.
This is because the charge carrier recombination rate is a function of carrier density (R=knp,
with k as recombination constant), thus as carrier density in the device increases so does the
recombination rate. We can therefore say that by having an HSL with a low mobility, carriers
are prevented from leaving the device which in turn increases the recombination rate and thus
reduces device efficiency. This reduction in efficiency is the reason for the s-shaped JV-curve.
Figure 6 - Charge density and carrier life time within the device as a function of HSL mobility at the maximum power
point. It can be seen that as HSL mobility increases, overall carrier density in the device decreases and carrier life
time is extended, resulting in a more efficient solar cell.
5. Conclusion
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We fabricated a series of organic solar cells with different hole selective layers comprising of
evaporated  pure  TPD,  TPD:HATCN  mixtures  and  pure  HATCN.  By  changing  the
composition of the HSL, we were able to tune its mobility between 10-7 and 10-5 cm²/Vs. We
showed that  a  device  with  a  pure HATCN layer  produced devices  without  s-shaped JV-
curves. Using a HATCN doped TPD film as HSL we reduced the mobility of the HSL by
reducing the HATCN ratio, and generated devices with s-shaped JV-curves. The change of
mobility  due  to  the  crystallization  of  the  pure  TPD  film  could  be  used  to  separate  the
influence of mobility and energetic barrier on the s-shape.  Numerical simulations confirmed
that  a low hole mobility  in  the HSL could produce an s-shaped JV-curve.  Consequently,
particular attention should be paid to the mobility of the hole selective layer to obtain long-
term device stability.
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